These findings show that deficient levels of Reelin signaling factors reflect the neurodegeneration in A-T in a sensitive and specific way. As an extracellular factor, Reelin may be accessible for neuroprotective interventions.
Introduction
Ataxia-telangiectasia (A-T) is an autosomal recessive disorder defined clinicopathologically by degeneration of cerebellar Purkinje neurons (PN) combined with a dilatation of oculocutaneous small blood vessels. The patients suffer from immunodeficiency and radiosensitivity, which predisposes them to cancer [1] . A specific diagnostic biomarker in the extracellular compartment, the elevation of alpha-fetoprotein in blood serum is usually detected early in the disease progression [2, 3] . The pathology is caused by mutations in the ATM (Ataxia-Telangiectasia Mutated) protein [4] , a serinethreonine kinase that mainly participates in the DNA double-strand break response [5] [6] [7] [8] .
Unfortunately, none of its phosphorylation targets are among the critical factors of cerebellar ataxia pathways, so it remains to be understood how the vulnerability to DNA damage connects with the preferential neurodegeneration of Purkinje cells. Oxidative stress has been proposed as crucial, in view of several observations in patients and mouse models [9] . In A-T patient blood, elevated oxidative damage to lipids and DNA as well as altered glutathione levels were observed, suggesting adaptive mechanisms to oxidative stress [10, 11] . A-T blood lymphocytes and skin fibroblasts show enhanced vulnerability to oxidative stress [12, 13] . However, exposure of patient blood cell cultures to ionizing radiation or bleomycin showed significant differences in chromosomal breaks, Mm00433822_m1; Grin3a -Mm01341722_m1; Grin3b -Mm00504568_m1; Grm1 -Mm00810219_m1; Grm3 -Mm00725298_m1; Grm4 -Mm01306128_m1; Grm5 -Mm00690332_m1; Grm7 -Mm01189424_m1; Grm8 -Mm00433840_m1; Gsk3b -Mm00444911_m1; Gsr -Mm00439154_m1; Gss -Mm00515065_m1; Gstp1 -Mm04213618_gH; Hmgcs1 -Mm01304569_m1; Homer3 -Mm00803747_m1; IghmMm01718955_g1; Inpp5a -Mm00805812_m1; Itih2 -Mm01337594_m1; Itih4 - The visualization of our data in volcano plots (Fig. 2) , where fold changes are plotted on the X-axis and significance is plotted on the Y-axis, revealed the prominent PN vulnerability by a particularly strong reduction of Calbindin (Log 2 fold change of -2.75 representing a decrease to 15%), as expected for this abundant calcium-homeostasis factor that is specific for the GABA-ergic PN and is usually deficient in cerebellar ataxias [32] .
As completely novel finding, a similarly strong downregulation was observed for Reelin (RELN, to 15%), which is expressed by the glutamatergic granule neurons of cerebellum [33] . The deficiency of Reelin could be upstream from PN degeneration in A-T, in view of previous knowledge: A spontaneous Reelin deletion in mouse (the famous "reeler" mutant strain) causes ataxia due to brain cortex foliation defects from migration anomalies along radial glia, prominently affecting cerebellar PN [34, 35] . In man, a rare autosomal recessive ataxia due to cerebellar hypoplasia with lissencephalopathy is caused by Reelin deficiency [36] . Reelin is a large secreted extracellular matrix glycoprotein that activates apolipoprotein receptors. The interaction between two APOE receptors (VLDLR and APOER2) and Reelin, as one of their ligands, controls not only neuronal positioning during brain development, but also synaptic plasticity in the adult brain [37, 38] . APOE is a cholesterol transport protein and Reelin modulates intracellular cholesterol efflux in macrophages [39] . Reelin also influences postsynapses in their glutamatergic NMDA receptor composition, modulating postnatal neurogenesis, enhancing spine hypertrophy and long-term potentiation [40] .
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Reelin is very credible to be involved in ATM-triggered pathogenesis, for several reasons. Cerebellar Reelin is downregulated upon X-irradiation stress of embryos in the late gestation stage or upon corticosteroid exposure [41, 42] . Reelin is expressed in glutamatergic granule neurons of the cerebellum, which secrete it from parallel fiber presynapses to PN dendrites and ensure spine development [33, 43, 44] . During adult life, Reelin is involved in the degeneration of PN [45] . Reelin signals are detected by the VLDLR and ApoER2 receptors, before they are intracellularly transduced in phosphorylation-dependent manner by DAB1 and the LIS1/PAFAH1B complex [46] [47] [48] .
A mutation in PAFAH1B3 was reported to trigger ataxia and brain atrophy [49] .
In excellent agreement with the observation of Reelin dysregulation, a significant downregulation was detected also for Fibroblast Growth Factor Receptor 1 (FGFR1, to 38%), which is expressed in the radial glia of cerebellum [50] . This trophic signaling molecule was already implicated in ATM-dependent genotoxicity response and in Reelin-dependent radial glia migration, with secondary effects on granule neurons and PN in the cerebellum [51] [52] [53] . The upregulation of Notch-3 (NOTCH3, to 260%) may be related to the same pathway, since NOTCH3 has been implicated in the role of Bergmann astroglia for the radial migration of neurons during cerebellar corticogenesis [54] . ABCA1 pathway in parallel manner to the Reelin/APOE-VLDLR/APOER2-DAB1 cascade in the control of cholesterol homeostasis [55] . The levels of APOB and the Reelin receptor VLDLR are known to correlate inversely [56] . Also the upregulation of Junction Plakoglobin (JUP, to 217%) is relevant here, since this adhesion factor interacts with DAB2 [57] .
Finally, the significant upregulation of Apolipoprotein J (also called Clusterin, CLU, to 159%) in A-T patient CSF is relevant. Although the main isoform is a Golgi-localized molecular chaperone, a secreted isoform acts as ligand for the VLDLR and APOER2 receptor to signal via the Reelin pathway [58] [59] [60] . Furthermore, Apolipoprotein J is a known marker of PN pathology [61, 62] , its genetic variants play a role for hereditary dementia similar to variants in NOTCH3 [63] , and its plasma concentration is associated with brain atrophy [64] . Moreover, the upregulations of APOB and CLU were accompanied by increased levels of Apolipoprotein H (APOH, to 157%) as a mediator of inflammatory changes [65] , and of Serum Amyloid P Component (APCS, to 248%) as a suppressor of immune responses to abnormal DNA, known to genetically interact with APOE [66, 67] . A relevant upregulation was also detected for Paraoxonase 1 (PON1, to 228%), which serves as universal factor of antioxidant defense [68] . PON1 detoxifies oxidized low density lipoprotein (LDL) [69] , is secreted from cells with VLDL [70] , is inhibited in activity by VLDL-associated triglycerides [71] and is associated with familial combined hyperlipidemia [72] .
Thus, there is a clear enrichment of Reelin signaling and apolipoprotein homeostasis factors among the A-T CSF dysregulations.
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Protein interaction bioinformatics suggest glutamatergic axon input to PN as site of pathology, while identifying molecular biomarkers of neuroinflammation In order to complement this literature-driven prioritization by additional unbiased bioinformatics, all significantly dysregulated proteins in Table 2 were screened for enrichments of specific biological processes, molecular functions, KEGG pathways and protein domains at the STRING webserver of the European Molecular Biology Laboratory in Heidelberg (Fig. 3) . As assumed, significant protein-protein-interaction enrichment was observed for both the downregulations (p=0.00948) and upregulations (p=1.11e-15). Among the cellular components, enrichments for the extracellular region were detected for 36 downregulated (false discovery rate q=4.86e-16) and 20 upregulated proteins (q=2.11e-09), as expected for a study in CSF.
Among the 44 downregulations (Fig. 3A) , novel specific insights included a significant enrichment for 18 factors in the "response to chemical" (q=0.04, illustrated as light green bullets), among which RELN and SPARC (Secreted Protein Acidic and Cysteine Rich, to 49%) are involved in the response to irradiation [73, 41] , while CNTN2 (Contactin-2, to 78%) is involved in granule neuron radial migration [74, 75] . A significant enrichment was observed also for 10 factors in the "regulation of locomotion" (q=0.00962, illustrated as red bullets in Fig. 4A ), among which SERPINE2 (Serpin Family-E Member-2, to 34%) regulates the differentiation of cerebellar granule neurons, while PLXNB2 (Plexin-B2, to 62%) is involved in their migration [76, 77] . Significant enrichment was found as well for 13 factors in "calcium ion binding" (q=2.38e-06, illustrated as purple bullets), among which the massive decrease of the protocadherin adhesion factor FAT2 (FAT Atypical 1 7 cerebellar granule neurons, is driving cellular motility, and its mutation causes Spinocerebellar ataxia type 45 [78] [79] [80] . Finally, a significant enrichment was observed for 3 factors with a "C1q domain" (q=0.009, illustrated as yellow bullets), among which the downregulations of CBLN1 (Cerebellin-1, 19%) and CBLN3 (Cerebellin-3, 4%) were particularly strong. Both are secreted from parallel fibers of granule neurons and colocalize as heterodimeric complex with the glutamatergic GluRdelta2 receptor [81] .
CBLN1 deficiency in mice was reported to cause cerebellar ataxia [82] . Further downregulations of relevance were detected for the motility factor ENPP2 (Ectonucleotide Pyrophosphate / Phosphodiesterase-2, to 48%) [83] , the PN marker SEMA7A (Semaphorin-7A, to 39%) [84] , and the PN-expressed adhesion factor CNTN6 (Contactin-6, to 15%) that acts as NOTCH1 ligand [85, 86] . CNTN6 deficiency in mice triggers ataxia [87] . In summary, markers for the glutamatergic parallel fiber afferents to PN, which originate in cerebellar granule neurons (such as FAT2 to 3%, CBLN3 to 4%, RELN to 15%, CBLN1 to 19%), appeared to be at least as diminished as PN markers (CALB1 to 15%, CNTN6 to 15%, SEMA7A to 39%). Overall, key factors of PN connectivity with their glutamatergic input axons are prominent among the downregulations.
Among the 23 upregulations (Fig. 3B) , novel specific insights included enrichments of 5 factors in the "humoral immune response" (q=0.00007, illustrated as deep green bullets), among which CLU was already mentioned, while IGHM (Immuno-Globulin Heavy Constant Mu chain, to 2216%) is involved in acute inflammatory stress responses.
Although not recognized by the automated bioinformatics, the upregulated factor CHI3L2 (Chitinase-3 Like-2, to 384%) is also involved in inflammatory responses [88, 89] Significant enrichment was found as well for 3 factors in the innate immunity "complement and coagulation cascades" (q=0.017, illustrated as ochre bullets), among which C8G to 195% ) is part of the secreted lipocalin gene family and was implicated in the interleukin-6-mediated induction of acutephase response [95, 96] , while C4BPA (Complement Component-4 Binding Protein A, to 143%) binds DNA to inhibit DNA-mediated complement activation and inflammatory responses against necrotic cells [97] . Significant enrichment was found also for 3 factors in the "hyaluronan metabolic process" (q=0.008, illustrated as light blue bullets), namely ITIH1 (Inter-Alpha-Trypsin Inhibitor Heavy Chain-1, to 271%), ITIH2 (Inter-Alpha-Trypsin Inhibitor Heavy Chain-2, to 236%) and ITIH4 (Inter-Alpha-Trypsin Inhibitor Heavy Chain-4, to 213%). While the brain role of this gene family has not been thoroughly investigated, ITIH4 is induced by interleukin-6 during the acute phase response to infection [98, 99] . Overall, neuroinflammatory responses are prominent among the upregulations.
Validation in Atm-/-cerebellar mRNA confirms early Reelin signaling deficit
To assess whether these pathways have a prominent role also in cerebellar tissue of the A-T mouse model, we employed Atm-/-animals that were previously shown to die at ages of 4-6 months due to thymic lymphomas without showing signs of cerebellar degeneration. A hallmark of these mice is the high level of oxidative stress by Reactive Oxygen Species (ROS) that affects several tissues at the end of their lifespan, including 1 9 turnover, we analyzed transcript levels in 2-month-old cerebellar tissue for key components in several pathways, which were suggested by the A-T patient CSF proteomic profiles, namely cholesterol-apolipoprotein trafficking, Reelin signaling, glutamatergic input to PN, glutamate receptors, calcium homeostasis, oxidative stress, neuroinflammation and cell adhesion (Fig. 4) .
As evidence for altered cholesterol trafficking and increased synthesis of ligands that may substitute for Reelin (Fig. 4A ), significant increases were observed for the cholesterol-transporting apolipoproteins Apoe (to 127%, p=0.033), Apoh (to 159%, p=0.032) and the cholesterol efflux regulator Cyp46a1 (to 135%, p=0.020), while markers for oxidative stress showed no dysregulation at this stage (Fig. 4B) . As a crucial confirmation of the Reelin reduction in patient CSF, already these young Atm-/-cerebella showed significant mRNA decreases for both receptors of Reelin, namely Vldlr (to 82%, p=0.037) and Apoer2 (to 82%, p=0.0003) upon qPCR (Fig. 4C) . The transcriptional synthesis of the Reelin transcript (Reln) itself and its intracellular transducers Pafah1b1, Pafah1b2, Pafah1b3, Dab1, Dab2 and Gsk3b appeared normal (Fig. 4C ).
Analyzing key factors for the interaction of PN with excitatory afferents (Fig. 4D) demonstrated increased levels of the Sema7a (to 123%, p=0.009), a factor that is secreted from PN and contributes to the selective elimination of climbing fibers [84] .
Indeed, a strong reduction was documented for Vglut2 (to 57%, p=0.013), which serves as marker for climbing fibers and reflects the earliest pathology also in Spinocerebellar Ataxia type 1 [100]. There were no dysregulations for the Cerebellins (Cbln1/Cbln3) or Fgfr1 at this stage (Fig. 4D) , nor for any marker of DNA-damage repair and 2 0 neuroinflammation under analysis (Fig. 4E) . Consistent with the concept of altered lipid signaling and glutamatergic afferents, the glutamate NMDA receptor subunit Grin2b mRNA showed a strong upregulation (to 156%, p=0.034) (Fig. 4F) . Given that Reelin levels are known to modulate GRIN2B levels in a reverse correlation during postnatal life [40, 101] , this Grin2b elevation supports the notion that Reelin signals are deficient in Atm-/-mouse cerebella already at the age of 2 months. In contrast, Grin2c was downregulated (to 91%, p=0.018), while upregulations were observed for the AMPA receptor subunits Gria1 (to 115%, p=0.049), Gria2 (to 110%, p=0.044) and for the metabotropic receptor subunit Grm3 (to 121%, p=0.045) (Fig. 4F ).
Among the calcium homeostasis factors, the significant decreases of mRNAs encoding the PN marker Calbindin-1 (Calb1 to 79%, p=0.011), the Plasma Membrane Calcium ATPase (Atp2b2 to 85%, p=0.024) and the ER-associated Inositol-1,4,5-TrisphosphateReceptor-1 (Itpr1 to 78%, p=0.026) were reflecting the deficient excitability of PN, downstream from Reelin and Glutamate signals (Fig. 4G) . In comparison, none of the cell adhesion markers that were assessed showed any significant dysregulation (Fig.   4H ). Thus, the transcriptional analyses confirm Reelin signaling deficits before the advent of altered locomotor behavior and PN death. Our data also indicate that the pathways of lipid and glutamate signaling with downstream calcium-dependent excitability are affected before DNA damage repair, oxidative stress responses, neuroinflammation and cellular adhesion show detectable changes. A diagram (Fig. 5) illustrates the scenario within the 2-month-old Atm-/-cerebellar circuitry, with red letters highlighting upregulated factors, while blue letters denote downregulations.
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Conclusion
Comprehensive evaluations of pathogenesis pathways and of potential biomarkers have become possible via high-throughput sequencing technology. The advent of personalized medicine will make these approaches at DNA, RNA, protein and lipid level available soon in many hospitals to counsel families regarding disease risk, progression and therapy benefit. For A-T diagnostics, the levels of alpha-fetoprotein in blood extracellular fluid serve as well-established critical biomarker, so now for the first time the brain extracellular fluid was evaluated in a quantitative global screen. The CSF findings identified prominent changes of Reelin/apolipoprotein signaling and possibly adhesion at sites of glutamatergic input to PN, accompanied by neuroinflammatory activation, with surprising consistency. Our study therefore provides proof-of-principle that this approach is useful and should be pursued in further patients and genetic model studies.
The molecular dysregulations observed may be part of the irradiation and DNA damage repair pathways, given that Reelin and SPARC are modulated during radioresistancereversal, while APCS and C4BPA interact with abnormal DNA. They may be part of neural migration and synaptic mobility, which certainly will involve extracellular factors that modulate adhesion, signal responses and locomotion. But importantly, the pathogenesis may also relate to altered glutamatergic excitation of PN dendrites. The ATM protein was recently shown to be a crucial facilitator of synaptic excitatory vesicle release, in a fine balance with the ATR protein that is responsible for inhibitory neurotransmission [102] . ATM levels rise in response to a blockade of NMDA receptors Table 2 . Proteins differentially expressed in CSF in the three oldest patients with A-T vs.
control individuals. Reticulum, N for Nucleus). Relevant qPCR findings in the 2-month-old Atm-/-cerebellum were highlighted (red for upregulations, blue for downregulations).
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